Complexities of mammalian cortical bone as a material are manifold as its primary constituents, collagenous protein and hydroxyapatite mineral crystals, are intricately arranged in a structure with about seven levels of hierarchy[@b1][@b2]. During the bone\'s growth, at each level of hierarchy, it dynamically senses the environment of a particular anatomical region and adapts to the local functional needs. Therefore, depending on the anatomical site, bone material may have significantly different microstructural features and therefore, different mechanical properties[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8]. Understanding the relationship between the mechanical stresses and the microstructure of bone is vital in prediction of effects of aging and disease on mechanical behavior of bone[@b9][@b10], as input for more realistic computational models on mechanics of bone[@b11][@b12], in assessment of mechanical compatibility of implants[@b13], for selection of sites for extracting bone grafts[@b14] etc. It also provides a basis for palaeontologists and anthropologists to infer the functional and behavioral patterns of animals from their bones[@b15] and for forensic scientists a reasonably reliable method for distinguishing human bone from non-human bone[@b16][@b17].

To understand the functional morphology and the internal load distribution within a bone, numerous studies have focused on the human femur. Biomechanical models that include muscle and joint contact forces have established that the human femur is primarily under compressive load[@b18][@b19][@b20][@b21] which correlates well with the observed uniform circular cross-section and absence of cortical thickening in the human femur diaphysis[@b22]. Similar studies on quadruped mammalian femur show that due to angulation of the joint, the bone develops loads transverse to the femoral axis[@b23][@b24][@b25][@b26] giving rise to significant bending stresses[@b27][@b28].

Studies on the histology of human cortical bone indicate that like many primates and carnivores, the primary fibrolamellar bone is laid initially but soon gets remodeled into Haversian bone. Interestingly, many other mammalian groups, such as, bovids and cervids retain primary fibrolamellar structure even through their adulthood, with only smaller regions remodeling into Haversian bone[@b29]. For instance, two different microstructures exist within the cross section at the mid-diaphysis of adult sheep and bovine femur: the posterior is transversely isotropic with randomly arranged Haversian systems (in the cross-sectional plane), the anterior region has orthotropic plexiform structure with microstructurally distinguishable orthogonal directions[@b6][@b30][@b31]. The two microstructures have different mechanical properties: the elastic modulus[@b6][@b32], fracture toughness[@b33][@b34] and resistance to fatigue crack growth[@b35][@b36][@b37] of Haversian bone being lower than that of plexiform bone.

The effect of stress on the Haversian microstructure has been studied in the equine radius, where secondary osteons under compression contain transverse collagen while those formed elsewhere contain longitudinal collagen[@b38][@b39][@b40]. However, until now, bone adaptation to mechanical stresses has been exclusively linked with Haversian remodelling, thereby implying that adapted bone must have secondary osteons[@b41][@b42]. The inferior mechanical properties of Haversian bone have led researchers to question the hypothesis that Haversian internal remodelling occurs primarily to replace *primary* bone with bone that is well adapted to bear the mechanical stresses[@b29]. Can healthy bone be adapting to mechanical stresses in a self-defeating manner? Here, we re-examine the microstructure-stress relationship and hypothesise that bone, at the microstructural level, adapts very differently to compressive and tensile stresses. The hypothesis is supported by correlating the variations in microstructure of the the cortical bone of a domestic goat\'s femur along its length with the stress field determined from a simple two-dimensional biomechanical model. At sites under high compression, typical Haversian adaptation occurs with scattered secondary osteons. However, under high tensile stresses, we find a compactly layered, non-Haversian, microstructure that is distinctly different from that of the plexiform bone, observed at low stresses. Finally, we present a detailed statistical analysis that unequivocally quantifies the differences in terms of the extent and spatial pattern of the mineralisation. Based on the results of the statistical analysis a discussion is developed on the present thinking on bone adaptation and its applicability to adaptive response under tensile stresses.

Results
=======

Biomechanical model
-------------------

We first develop a simplified two dimensional biomechanical model for the stance phase of the gait assuming that the internal forces and moments that develop during the stance phase are representative of the amplitude of the dynamic loads that may cause microstructural adaptation. The sagittal plane is chosen for the analysis as the moments acting in this plane are responsible for stresses at the anterior and posterior sites. We set ground reaction for the hind leg equal to 40% of its body weight (*BW* ≈ 15 *kg*) and its direction as vertical during the stance, and replace muscle and contact forces at the joints by a statically equivalent net force and net moment acting on joint centers[@b23][@b26]. The line joining the contact point with the ground and the center of the hip joint is approximated to be aligned with the vertical as shown in [Fig. 1(a)](#f1){ref-type="fig"}. For the static equilibrium of the hind leg, the net in-plane force at the proximal end of the femur is therefore, of the same magnitude as the reaction force from the ground and is acting vertically downward. As a consequence, the static equilibrium of femur in isolation requires an equal and opposite balancing force and a moment at the distal end as shown in [Fig. 1(b)](#f1){ref-type="fig"}. The profile of the axis of the bone is approximated by a fourth order Lagrangian polynomial that passes through the measured transverse coordinates at five different locations along the femur as shown as a dotted line in [Fig. 1(b)](#f1){ref-type="fig"}. Even though such an approximation does not account for the finer details of the specific bone, it captures the broad features of the bone-axis profile that do not vary significantly from animal to animal and therefore, are more likely to represent the average stress pattern in the femur of a typical quadruped.

Based on the assumptions of the model stated earlier in the section, the femur is a statically determinate structure and thus, for any cross-section along the length, the equilibrium axial force, shear force and the bending moment can be calculated using Euler-Bernoulli beam theory (see [supplementary information](#s1){ref-type="supplementary-material"} for details of calculation). The corresponding axial stress field depends only on the *BW*, joint angulation and the geometrical details of the femur cross-section, and is independent of the constitutive behaviour of the bone material. The material constants such as elastic modulus come into play only in the estimation of deformation characteristics of the femur, which is not the focus of the current study. The axial stresses develop due to the combined effect of compression and bending of the bone, and its anatomical variation along the length of the femur at the anterior and posterior regions are shown in [Fig. 1(c)](#f1){ref-type="fig"}. Both regions develop stresses of comparable magnitude but of opposite nature: tensile at anterior and compressive at the posterior region, which is a consequence of bending stresses being dominant. The magnitude of stress peaks approximately at section S2 of the histological specimens, while section S7 and S8 have low stress \[see [Figs. 1(c)](#f1){ref-type="fig"} and (d) for labelling of sections\]. The anatomical variation of axial stresses thus determined is qualitatively similar to the three dimensional finite element model predictions for canine femur[@b28] in the following aspects: the anterior region develops tensile stresses while the posterior is in compression and the peak stresses occur nearer to the distal end while the proximal end has negligible axial stress.

Optical micrographs
-------------------

We now show that the microstructures are different in regions of high tensile stress (S1--S3 anterior), in regions of low stress (S6--S8 anterior/posterior) and in regions of high compressive stress (S1--S3 posterior), through optical micrographs, back scattered electron detector (BSE) data for mineralisation, and energy-dispersive X-ray spectroscopy (EDS) data for calcium content. In the optical micrographs of the different sections shown in [Fig. 2](#f2){ref-type="fig"}, nearer to the proximal end at sections S6--S8, the bone shows similar microstructure at both the anterior and posterior regions. There are layers of woven bone, that is known to have randomly oriented collagen fibrils in the bone matrix conducive for rapid laying of bone, present between layers of primary osteons, typical of fibro-lamellar/plexiform structure[@b29]. However, at sections S1--S3 which is approximately at one third bone length from the distal end, within the cross-section there are two distinctly different microstructures present: the posterior region has secondary osteonal growth with random arrangement of the Haversian systems while the anterior region shows compactly layered microstructure with strong banding along the tangential direction. Section S4 also shows differences in microstructure between anterior and posterior sites, though the extent of compaction in anterior and secondary remodelling at the posterior is less in comparison to section S2. By relating the observed microstructure with the stress field obtained from the biomechanical analysis earlier, it is evident that *only* regions with high compressive stresses have Haversian structure. In regions with low stresses, whether tensile or compressive, the microstructure is the typical fibro-lamellar/plexiform. In the microstructure of the regions with high tensile stresses there is no evidence of Haversian structures or resorption cavities and the lamellae around the osteons merge smoothly with the surrounding bone, typical of primary bone. Interestingly, this apparently primary bone does not have the brick-like structure typical of plexiform bone either.

Mineralisation
--------------

To further characterise the apparently primary microstructure found in the regions of high tensile stresses in comparison with the plexiform microstructure of the regions of low tensile stresses, the BSE micrographs of the anterior region of S2 and S7, as shown in [Figs. 3(a) and (b)](#f3){ref-type="fig"}, are analysed in detail. From the gray scale data of the BSE images, the spatial pattern of mineralisation is obtained by identifying the spatial location of the brightest 10% pixels such that each data point shown in [Figs. 3(c) and (d)](#f3){ref-type="fig"} corresponds to a region of high mineral content. In section S7, the mineralisation is localised in narrow horizontal bands, with inter-band spacing *ℓ*\* ≈ 135 *μm*, that span the entire field width and are located approximately at the middle of the woven layers. In contrast, section S2 has much more uniform mineralisation that is evenly spread out with negligible banding. We note that in both the sections there are drying cracks mostly running horizontally through the primary vasculature, while some are oriented vertically, specially in section S7. Many of the cracks have a row of bright pixels contiguous to their boundaries, which is perhaps due to localised charging as, firstly, the curves formed by these row of pixels have exactly the same shape as the crack boundary and secondly, the width of these rows are significantly lower than the width of the highly mineralised bands seen at the central part of the woven layer. Also, the coarse graining of the BSE images show some regions of uniform sparseness, in the left of [Fig. 3(d)](#f3){ref-type="fig"}, or denseness, at the top of [Fig. 3(c)](#f3){ref-type="fig"}, in the spread of the bright pixels which maybe a result of slight variations in the flatness of the sample surface. Since these artefacts were not obvious in the BSE images during the imaging of the samples, they were harder to avoid.

The spatial pattern of mineralisation is quantified by studying the structure factor *S*(*k*), the Fourier Transform of the two-point correlation function *C*(*y*). Here, *C*(*y*) = 〈*z*(*x~o~*, *y~o~*)*z*(*x~o~*, *y~o~* + *y*)〉, where *z* is the non-dimensionalised gray scale values obtained by scaling the difference from the mean by the standard deviation, *y* is the direction perpendicular to the banding and the averaging 〈〉 is done over all spatial points (*x~o~*, *y~o~*). S(k) for section S7, shown in [Fig. 3(e)](#f3){ref-type="fig"}, has a prominent peak at *ℓ*\* ≈ 135 *μm*, consistent with the inter-band spacing seen in [Fig. 3(d)](#f3){ref-type="fig"}. This peak is nearly absent in section S2. More strikingly, the behaviour at large *k*, corresponding to length scales smaller than a crossover length scale (*ξ* ≈ 9 *μm*), representing the transition from one regime to another, is very different for the two sections. For *k* \> *ξ*^−1^, *S*(*k*) \~ *k*^−2.0^ for S7 and *S*(*k*) \~ *k*^−0.5^ for S2. The *k*^−2.0^ behaviour for S7 is the standard Porod law in one dimension[@b43][@b44] that describes scattering from compact objects with well defined interfaces. For the structure function of S2, the clear deviation from Porod law can be attributed to the absence of well defined mineral-rich, mineral-poor domains[@b45][@b46]. It is to be noted that the cracks are less than 3 *μm* (2 to 3 pixels) wide and are distributed randomly. Since the structure factor quantifies the periodicity of spatial structure along a single column of pixels, the presence of cracks is not expected to have a significant effect on it. That the statistical characteristics of the mineralisation is independent of the presence of drying cracks is confirmed by identifying comparatively crack free regions of sizes 605 × 401 *μm* in S2 and 564 × 472 *μm* in S7 and evaluating the structure factor of the reduced sample size. Other than poorer statistics the structure factor remains unchanged.

In addition to quantifying the spatial pattern of mineralisation, we also characterise the distribution of gray scale values. The probability that the non-dimensionalised gray scale value is larger than *z*, *F*(*z*), is shown in the inset of [Fig. 3(e)](#f3){ref-type="fig"} for S2 and S7. We observe that the tail of the distribution for S7 is distinctly broader suggesting presence of mineral rich and mineral poor regions. Next, the extent of mineralisation in both sections is quantified using EDS line scans along paths orthogonal to the banding. The calcium content obtained from a typical line scan is shown in [Fig. 3(f)](#f3){ref-type="fig"} for both sections. When averaged over six line scans for each section we find the calcium content is 32.3 ± 8.5% higher in S2 than that in S7. The combined evidence shows the presence of a third new microstructure that is non-Haversian and quantifiably different from primary bone. The anatomical location of the new microstructure being at regions with high tensile stresses makes a strong case of it being an adaptation of the bone to high tensile stresses in the local environment.

Discussion
==========

In this paper, a combined histological and biomechanical analysis of the femur of an Indian domestic goat is performed to examine the complex relation between the microstructure and the mechanical stresses in a mammalian cortical bone. We show that, at the microstructural level, adaptation of bone architecture is strongly influenced not just by the magnitude but also by the compressive or tensile nature of the local stress. Haversian remodelling through growth of secondary osteons occurs only in regions under high compressive stresses. In contrast, for high tensile stresses the microstructure is a compactly layered architecture which has no secondary osteonal growth. This apparently primary microstructure not only has on an average 32% higher mineralisation but also the spatial pattern of the mineralisation is quantifiably different from the sparsely layered fibro-lamellar or plexiform structure observed in the low stress region where bone is yet to adapt. Since the Haversian remodelling is shown to be an adaptation only to the compressive stresses in the environment, it cannot be expected to have superior mechanical behavior in tension. This in effect presents a possible solution to the mystery associated with why the adapted Haversian structure has inferior mechanical properties in tension compared to primary bone as reported in several studies.

While the differences in the calcium content between the regions of high tensile stresses and low tensile stresses, as well as in the spatial arrangement of it indicate a strong possibility of differences in the macroscopic properties such as elastic modulus, fracture toughness and fatigue resistance, a detailed study is required to quantify the difference and establish the precise nature of the microstructure-property relation for cortical bone of a goat femur. Such a study is part of just-started projects by the authors but is out of the scope of the present work.

In the present understanding of cortical bone, microstructural adaptation in response to high mechanical stresses is exclusively linked with formation of secondary osteons/Haversian systems. The fact that in the goat\'s femur, the anterior region near the distal end has high tensile stresses and yet no manifestations of secondary remodelling, raises the question if the present thinking for microstructural adaptation general enough to describe adaptive response of bone under tensile stress? Also, was the apparently primary microstructure of the high tensile stress region initially plexiform which got modified during the goat\'s life or was it made this way ab initio? These questions are promising areas for further research.

The biomechanical model that we solved shows that bending stresses are strongly dependent on the inclination of the bone to the vertical: expected to disappear for no inclination as in the human femur and have complete reversal in nature of stresses if the bone is inclined to the other side of the vertical, as is the corresponding bone of the foreleg (humerus) of quadrupeds. As per our hypothesised dependence of the microstructure on the nature of the stresses, the anterior of the humerus therefore, should have significant Haversian remodelling. This prediction is well supported by the study on bovine humeral cortical bone which shows dense Haversian microstructure in the anterior quadrant[@b36]. Our study therefore explains the reason behind the reported empirical evidence on differences in the microstructure of human and non-human femur which is used as one of the important forensic evidences to distinguish human bone from non-human bone.

Methods
=======

Samples of femur of domestic goats, breed *Osmanabadi* of *Capra hircus* that is commonly found in the southern peninsular region of India[@b47], were collected from the local butcher shop within 5 hours of death of the animal (approximately 15 *kg* in weight and 1.5 years in age). The femurs were stored at −20°C in HBSS soaked gauze and thawed to room temperature before sectioning it using a 0.38 mm hand saw. The specimens were set in PMMA, where sections S2 and S7 were set together in a single PMMA mould to minimise differences in experimental conditions, and polished on successively fine grit silicon carbide papers and finally using 1 micron and 0.05 microns alumina suspension to ensure a flat, polished surface.

The optical imaging was performed using a Leitz, Laborlux 12ME optical microscope. BSE imaging was performed using a FEI Quanta 200 SEM mounted with a BSE detector. The images were recorded at 15 kV accelerating voltage and 12.4 mm working distance. EDS line scans were obtained without changing beam characteristics.
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![(a) Schematic free body diagram of the hind leg of a goat. (b) Free body diagram of the femur in isolation. The angle *θ* is taken to be 25.48°. (c) Axial stresses along the normalised length of the femur, where the sections S1 to S8 are as in (d). (d) The different sections S1 to S8 are marked on an image of the femur.](srep02533-f1){#f1}

![Optical micrographs showing variations in the microstructure along the length of the femur at sections (a) S1, (b) S2 to (h) S8 for anterior and posterior regions.\
The field width is 706 *μm*.](srep02533-f2){#f2}

![BSE images of sections (a) S2 anterior and (b) S7 anterior, where the field width is 1475 *μm* (966 pixels).\
The brightest 10% pixels of the BSE images for (c) S2 anterior and (d) S7 anterior. (e) Structure factor S(k) along the direction perpendicular to the banding. Inset: *F*(*z*), the probability that the scaled gray scale value is greater than *z* for S2 and S7. (f) EDS data for calcium content along a line perpendicular to the banding.](srep02533-f3){#f3}
